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Variations in monsoon strength, moisture or precipitation in eastern China during the MWP reflected by different climatic records 
have shown apparent discrepancies. Here, detailed environmental magnetic investigations and mineralogical analyses were con-
ducted on lacustrine sediments of Core GH09B1 (2.8 m long) from Gonghai Lake, Shanxi, North China, concerning the monsoon 
history during the MWP. The results demonstrate that the main magnetic mineral is magnetite. The sediments with relatively high 
magnetic mineral concentrations were characterized by relatively fine magnetic grain sizes, which were formed in a period of 
relatively strong pedogenesis and high precipitation. In contrast, the sediments with low magnetic mineral concentrations reflected 
an opposite process. The variations of magnetic parameters in Gonghai Lake sediments were mainly controlled by the degree of 
pedogenesis in the lake drainage basin, which further indicated the strength of the Asian summer monsoon. The variations in the  
and S300 parameters of the core clearly reveal the Asian summer monsoon history over the last 1200 years in the study area, sug-
gesting generally abundant precipitation and a strong summer monsoon during the Medieval Warm Period (MWP, AD 910–1220), 
which is supported by pollen evidence. Furthermore, this 3–6-year resolution environmental magnetic record indicates a dry event 
around AD 980–1050, interrupting the generally humid MWP. The summer monsoon evolution over the last millennium recorded 
by magnetic parameters in sediments from Gonghai Lake correlates well with historical documentation (North China) and spele-
othem oxygen isotopes (Wanxiang Cave), as well as precipitation modeling results (extratropical East Asia), which all indicate a 
generally humid MWP within which centennial-scale moisture variability existed. It is thus demonstrated that environmental 
magnetic parameters could be used as an effective proxy for monsoon climate variations in high-resolution lacustrine sediments. 
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Magnetic measurements provide a rapid, cheap and non- 
destructive way to characterize high-resolution mineralogi-
cal variations, which are widely used in sequence correla-
tion, paleoclimate and provenance studies of marine [1,2], 
lacustrine [3] and aeolian sediments [4,5]. They have be-
come one of the most important proxies in paleoenviron-
ment and paleoclimate reconstructions [6,7]. However, due 
to the low magnetic mineral concentrations in lacustrine 
sediments and the authigenesis/diagenesis and biogenesis in 
situ after deposition which may result in the formation of 
new magnetic minerals [8,9], the magnetic parameters that 
can be used to reveal sensitive short-scale (decadal to cen-
tennial scale) climatic and environmental events remain 
undetermined and are a problem requiring urgent attention. 
Global climate evolution over the last millennium is 
known to have varied dramatically. It can be roughly divid-
ed into three major episodes: the Medieval Warm Period 
(MWP), the Little Ice Age (LIA), and post-industrial 
warming [10–14]. The MWP in the Northern Hemisphere is 
about 0.5–0.8°C warmer on average than the LIA [13,14]. 
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In eastern China, the winter half-year temperatures of two 
centennial warm periods within the MWP are even higher 
than those observed in the 20th century [15]. In recent years, 
considerable research interest in MWP climate variability 
has arisen [13,16–18], because the centennial-scale warm 
intervals of the MWP are closest to those of the modern age, 
and can thus provide a complete paleoclimatic analog for 
long-term climate prediction. During this interval, many 
regions of the globe experienced hydroclimate anomalies 
[19,20]. However, compared with the relatively uniformly- 
changed temperature, moisture and precipitation showed 
significant regional differences during the MWP. For ex-
ample, the central and western part of America experienced 
a mega-drought during the MWP [21], while periods of high 
precipitation dominated the eastern part of the United 
Kingdom during the same time [22,23]; in other regions, no 
obvious anomaly was seen [24]. In China, regional differ-
ences in hydroclimatic characteristics during the MWP also 
clearly existed. In arid northwestern China, the proxy rec-
ords derived from lacustrine sediments [25,26], aeolian de-
posits [27] and tree rings [28] all show a dry MWP and a 
wet LIA in general [29]. The Asian summer monsoon is an 
important component of global climate system and its vari-
ability is always of great interest in paleoclimatological 
studies at a wide range of time scales [30,31]. As far as the 
monsoon climate over last millennium is concerned, the 
Asian summer monsoon has been found to be relatively 
weak, and the climate was relatively dry in eastern China 
during the LIA [32–34]. However, there is no consensus 
achieved about monsoon climate conditions during the 
MWP. For example, a pollen record from northeastern Chi-
na suggests that the Asian summer monsoon was strong 
during the MWP [33], which is supported by a recently 
published high-resolution speleothem oxygen isotope record 
from the summer monsoon margin [35]. Conversely, spele-
othem oxygen isotope records from some other regions 
show that the Asian summer monsoon was not strong in 
MWP [36,37]. Furthermore, a stacked speleothem oxygen 
isotope record has demonstrated that the summer monsoon 
was not significantly abnormal during the MWP, and was 
even slightly weaker from the 11th to early 13th century 
[38]. Two historical document-based humidity reconstruc-
tions indicate a relatively wet period in North China during 
the MWP [39,40], but it has been suggested by another 
document-based record that there was a dry MWP over the 
whole of eastern China [41]. Therefore, variations in mon-
soon strength, moisture or precipitation in eastern China 
during the MWP reflected by different climatic records have 
shown apparent discrepancies. This could due to the fact 
that different proxies may have different paleoclimatic im-
plications, or that the strength of the Asian monsoon may 
have a different effect on precipitation in different regions 
of eastern China. According to conventional concepts, the 
abnormal northward extension of the southerlies into North 
China and associated increased precipitation in North China 
could be regarded as signs of an intensified Asian summer 
monsoon [42,43]. It is therefore particularly important that 
high-resolution climate records over the last millennium are 
obtained in this critical region. Here, we choose a paleo-
limnological site, Gonghai Lake in northern Shanxi, which 
is located at the northern boundary of the modern Asian 
summer monsoon, to carry out a high-resolution and mul-
ti-parameter investigation on environmental magnetism of a 
sediment core. On the basis of environmental magnetism 
results, the aims of this study are to explore the magnetic 
characteristics of Gonghai Lake sediments in combination 
with other proxies and to reconstruct the regional climate 
and environment change over the last millennium, with par-
ticular attention to the evolution of the Asian summer mon-
soon and associated precipitation during the MWP. 
1  Study site and sampling 
Gonghai Lake (38°54′N, 112°14′E, elevation 1860 m a.s.l.) 
is located in Dongzhuang, Ningwu County, Shanxi Province, 
in the northern part of the Lüliang Mountains. It is a lake 
formed on a planation surface of the watershed between the 
Sanggan and Fenhe rivers. Eleven small lakes including 
Gonghai Lake are distributed on the planation surface (the 
average altitude is 1800 m a.s.l.), which make up a rare 
group of high-mountain lakes in North China [44]. Among 
these lakes, Gonghai Lake is at the highest altitude and has 
a maximum water depth of around 10 m and a surface of 
0.36 km2. Gonghai Lake is hydrologically closed, and has a 
flat lakebed; its main water source is precipitation (Figure 
1). The Ningwu area is close to the sandy deserts and sandy 
lands of central China to the north and west (e.g. Maowusu 
Sandy Land, Kubuqi Desert, Badain Jaran Desert and 
Tengger Desert), falling into the typical fringe of the mod-
ern Asian summer monsoon (Figure 1). The mean annual 
precipitation in Ningwu (1500 m a.s.l.) is about 468 mm, 
with about 65% of the annual precipitation occurring in the 
summer (from June to August). Regional vegetation in the 
mountains (including the drainage basin of Gonghai Lake) 
is dominated by mixed coniferous and broad-leaved forests, 
whereas in the mountains with an elevation lower than the 
planation surface, coniferous forests are widely distributed. 
Zonal soil types consist mainly of mountain-meadow soil, 
brown soil, cinnamon soil, chestnut soil and meadow soil, 
of which the cinnamon soil is the major zonal soil type. The 
exposed bedrock of the zonal ground surfaces was mainly 
formed during the Archeozoic to Cenozoic, and is com-
prised mainly of weakly-magnetic rock, such as dolomite, 
limestone, sandstone, sandy shale, and glutenite [46]. This 
provides good conditions for conducting environmental 
magnetism research using lacustrine sediments. In January 
2009, we drilled at Gonghai Lake using a Piston Corer on a 
UWITEC platform (UWITEC, Mondsee, Austria). A long 
core of 7.68 m, GH09B, was retrieved at the center of the  
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Figure 1  (a) Remote sensing image showing the location of Gonghai Lake and surrounding geographic features. Black solid line indicates the modern 
Asian summer monsoon limit [45]. (b) Bathymetry of Gonghai Lake. The red dot indicates the location of core GH09B1. 
lake in a water depth of 8.96 m (Figure 1). Also, 15 bedrock 
samples and 3 soil samples were taken around the lake 
drainage basin on the ground surface. The samples were 
frozen on-site and taken back to the laboratory where they 
were stored in a freezer below 4°C. The 2.8-m-long first 
tube of core GH09B (named GH09B1) provides material for 
this study. There is no significant change in the lithology of 
core GH09B1, which mainly consists of the silty clay. The 
sediments are coarser at depths of around 1.0 and 2.0 m, and 
from depths of 2.5 to 2.8 m. In the laboratory, the core 
GH09B1 was sliced at 1 cm intervals for magnetic analysis, 
and the samples were freeze-dried and then ground.  
2  Laboratory methods 
All environmental magnetic parameters were measured and 
calculated following the procedure of Dearing et al. [47]. 
Low-field (470 Hz) and high-field (4700 Hz) frequency 
magnetic susceptibility (χlf and χhf) were measured using a 
Bartington MS2 magnetometer (Bartington Instruments Ltd, 
Witney, UK). Anhysteretic remanent magnetization (ARM) 
was performed using a DTECH AF demagnetizer (2G En-
terprises, California, USA) with a peak AF field of 50 mT 
and DC bias field of 0.05 mT. Stepwise demagnetization of 
saturation isothermal remanent magnetization (SIRM) at 1 
T was carried out using three reverse fields (−20, −100, and 
−300 mT). IRMs were performed using an MMPM 5 pulse 
magnetizer (2G Enterprises, California, USA). All rema-
nence measurements were made using a Minispin magne-
tometer (Advanced Geoscience Instruments Company, Brno, 
Czech). Magnetic parameters are all expressed on both 
mass-specific and quotient bases to give quantitative and 
qualitative information of χlf (×108 m3/kg), SIRM (SIRM=  
IRM1000 mT) (×10
5Am2/kg), χARM (×108 m3/kg), χfd% (χfd% 
=[χlfχhf]/χlf×100), χARM/χ, χARM/SIRM (×103m/A), SIRM/χ 
(×kA/m) and S-ratio (IRM300/SIRM). A subset of repre-
sentative samples (50 samples) was selected for further 
magnetic measurements: magnetic hysteresis loops and Cu-
rie temperatures (Tc) were determined using a variable field 
translation balance (Petersen Instruments, Muenchen, Ger-
many). Five representative samples were selected for X-ray 
diffraction analysis using D/max-3BX equipment (Rigaku, 
Tokyo, Japan); scans were run from 4° to 80° of 2θ at a step 
width of 0.02°. Also, eight representative samples were se-
lected for pollen analysis following the procedure of Moore 
et al. [48]. The pollen analysis was conducted in the labora-
tory of Hebei Normal University. All other experiments 
were conducted in the Key Laboratory of Western China’s 
Environmental Systems, Lanzhou University. 
3  Results 
3.1  Chronology 
In core GH09B1, all AMS 14C dates were generated from 
samples of terrestrial plant macrofossils, which can avoid 
the carbon reservoir effects that commonly occur in lacus-
trine sediments. The AMS 14C samples were all first pre-
pared with the standard pretreatment (alkali-acid-alkali) and 
then measured at the AMS Dating Laboratory of the Insti-
tute of Earth Environment, Chinese Academy of Sciences, 
Xi’an, China. All dates were calibrated to calendar years 
using OXCAL4.1 software [49] using the IntCal04 calibra-
tion data set [50]; ages determined included 415±83 cal a 
BP at 0.63 m depth, 617±52 cal a BP at 1.16 m depth,  
884±80 cal a BP at 1.99 m depth and 1011±43 cal a BP at 
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2.45 m depth. These ages are precise enough to control the 
date range of the MWP. The dates of the other samples were 
obtained by interpolation, and the date at the bottom of core 
GH09B1 is AD 840. The time resolution between samples 
is about 4 to 8 years since AD 1300, and 3 to 6 years before 
AD 1300. 
3.2  Compositions and types of magnetic minerals 
Thermomagnetic curves for all samples from core GH09B1 
are similar to each other (Figure 2(a),(b)). With increasing 
temperature, the magnetization first decreased slightly, then 
increased rapidly after 450°C, and reached a peak at around 
500°C. This may reflect that paramagnetic minerals, such as 
iron silicate or clay minerals, were transformed into new 
magnetic minerals [51]. The cooling curves of the samples 
lie above the heating curves, which further supports that 
many new magnetic minerals are formed during the heating 
treatment. By further increasing the temperature, the mag-
netization gradually reduces and approaches zero at 580°C, 
the Curie point of magnetite. This behavior indicates that 
magnetite is the major magnetic mineral in the samples. The 
shape of the hysteresis loop was reversible within the mag-
netization of 300 mT (Figure 2(e),(f)), indicating that the 
magnetite was also the main magnetic mineral contributor 
in the hysteresis loop. The magnetization is still increasing 
and not saturated even when the magnetic field reaches 
1000 mT, further indicating that there is a large fraction of 
paramagnetic minerals existing in the GH09B1 core sam-
ples [52]. 
The main peaks from X-ray diffraction analysis are 
found to be very similar (Figure 3(a),(b)). This suggests that 
the mineral compositions of the GH09B1 core samples are 
the same. Samples consist mainly of quartz, albite, plagio-
clase, orthoclase, amphibole, illite, mica, magnetite, and 
carbonate (mainly calcite), as well as iron-rich chlorite clay 
minerals. This further supports the result, acquired by anal- 
ysis of thermomagnetic curves and hysteresis loops, that the  
 
 
Figure 2  Thermomagnetic curves of GH09B1 core samples ((a), (b)), catchment bedrock samples (c) and catchment soil samples (d) in a 1.1 T field, and 
the magnetic hysteresis loops of GH09B1 core samples ((e), (f)). 
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Figure 3  X-ray diffraction spectra of the typical GH09B1 core samples. CL, iron-rich chlorite; Po, plagioclase; Am, amphibole; Al, albite; M, magnetite; Q, 
Quartz; Or, orthoclase; Cc, calcite; Mi, mica; IL, illite. 
magnetic assemblage in GH09B1 core samples is dominated 
by magnetite and the minerals are associated with quite a 
few paramagnetic minerals such as iron silicate or clay 
minerals. The ratio of SIRM to susceptibility is suited for 
assessing mineralogy. For example, the values of the ratio 
in pyrrhotite and greigite is around 100 kA/m; hematite has 
a high ratio (higher than 200 kA/m), but magnetite has low 
SIRM to susceptibility which is lower than 30 kA/m and 
usually around 10 kA/m [53,54]. The average value of sat-
uration isothermal remanent magnetization to susceptibility 
of all samples in core GH09B1 is 13.25 kA/m (Figure 6), 
which also supports that the dominant magnetic carrier in 
GH09B1 core samples is magnetite. 
3.3  Granularity of magnetic minerals 
The granularity of the magnetite in sediment could be iden-
tified by the Day plot between the magnetization intensity 
ratio (Mrs/Ms) and coercivity ratio (Bcr/Bc)
 [55–57]. The crit-
ical value of granularity follows that provided by Dunlop et 
al. [56,57]: Single domain (SD) magnetic grains are charac-
terized by Mrs/Ms>0.5 and Bcr/Bc<2.0, multi-domain (MD) 
magnetic grains are characterized by Mrs/Ms <0.02 and 
Bcr/Bc>5, and pseudo-single domain (PSD) grains lie be-
tween MD and SD grains. Figure 4 shows that GH09B1 
core samples are all in the PSD region, indicating that most 
of the magnetic grains in the lacustrine sediments of Gon-
ghai are PSD. However, the mixtures of MD and SD mag-
netic grains in sediments might also scatter in the PSD re-
gion in the Day plot [58]. Dearing et al. [59] demonstrated 
that magnetic grain size in sediment can be effectively por-
trayed by combining χFD% and χARM/SIRM data in a quanti-
tative mixing model. All the GH09B1 core samples are al-
most found in the coarse stable single domain (SSD) region 
and only few samples in the MD+PSD region (Figure 5), 
further indicating that the most of the magnetic grains in 
lacustrine sediments from Gonghai Lake are coarse SSD. 
The surface samples that come from the top of the core 
contain MD+PSD magnetic grains, indicating that the 
MD+PSD magnetic grains in GH09B1 lake samples may 
have blown in from atmospheric pollutants, because MD+ 
PSD grains are the main grains of atmospheric pollutants 
found in North China [60]. Susceptibility of ARM (χARM)  
 
Figure 4  Day plot of the GH09B1 core samples. 
 
Figure 5  Dearing plot of GH09B1 core samples. 
that reflects the concentration of SSD magnetic grains has a 
positive correlation with magnetic susceptibility [6], also 
supporting that the granularity of magnetic minerals in 
GH09B1 core samples is dominated by SSD grains, except 
for the recent 100 years at the top of core. 
3.4  Variations in magnetic parameters with depth 
Based on magnetic susceptibility (χ), core GH09B1 could 
be divided into four sections. In the first section (2.80–2.55 
m, AD 840–910), the magnetic susceptibilities are the low-
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est observed along the whole core. In the second section 
(2.55–1.50 m, AD 910–1220), the magnetic susceptibilities 
are high in general, and reached a peak for the core, indi-
cating that the concentration of magnetite in the lacustrine 
sediments is high. However, during AD 980–1050, the 
magnetic susceptibility also shows relatively low values 
forming a trough throughout this section. In the third section 
(1.50–0.21 m, AD 1220–1850), the magnetic susceptibility 
decreases gradually and is relatively low compared with the 
core in general; the lowest values appear between the depths 
of 1.35 and 0.80 m (AD 1270–1450). In the fourth section 
(0.21–0 m, AD 185 to the present), the magnetic suscepti-
bility increases rapidly with increasing magnetic concentra-
tion. However, the variation in this section is large, and the 
value is generally lower than the second section. 
S300 is a proxy of the proportion of low-coercivity ferri-
magnetic grains to high-coercivity antiferromagnetic grains 
[61]. Values above 80% reflect the dominance of magnetite 
(maghemite), whereas values below this percentage repre-
sent increasing contributions from antiferromagnetic miner-
als (hematite or goethite) [62]. The values of S300 in core 
GH09B1 are all above 80%, which identifies magnetite as 
the dominant magnetic minerals (Figure 6). This result is in 
accordance with the analysis of thermomagnetic curves and 
hysteresis loops, i.e. that the magnetic assemblage in 
GH09B1 core samples is dominated by magnetite. The 
changes in S300 and magnetic susceptibility along the whole 
core show a consistent trend (Figure 6), which indicates that 
the magnetic susceptibility in GH09B1 core samples mainly 
reflect the content of magnetite. The trend of change in 
SIRM along the whole core is basically consistent with 
magnetic susceptibility and S300 (Figure 6), which also in-
dicates that the superparamagnetic (SP) magnetic grains 
make only a small contribution to the intensity of mag-
netism [6]. In addition, most of the magnetic grains in sam-
ples are SSD. Therefore, the magnetic susceptibility and 
S300 mainly reflect the concentration of magnetite in the 
samples. 
The variation in the trend of χARM/χ is basically con-
sistent with that of χARM/SIRM. They show troughs at the 
bottom of the core (below a depth of 2.55 m), at a depth of 
~2.2 m (during the middle of the MWP, AD 980–1050) and 
at the top of the core (in the last 50 years) (Figure 6). The 
ratios of χARM/χ and χARM/SIRM can reflect grain sizes of 
ferrimagnetic minerals, especially fine-grained magnetite. 
For example, when magnetic grain sizes are smaller (or 
larger) in samples, values of χARM/χ and χARM/SIRM are 
higher (or lower) [63,64]. Similar variations in the trends of 
χARM/χ and χARM/SIRM suggests that magnetic grains 
formed in the MWP are fine in general, but become coarse 
during AD 980–1050. The values of SIRM reflect grain 
sizes of magnetic minerals becoming lower during AD 
980–1050. This suggests that the low values of χ and S300 
during AD 980–1050 result from the change in magnetic 
grain sizes. Since AD 1850, the ratios of χARM/χ and 
χARM/SIRM have evidently decreased, indicating that the 
magnetic grain sizes become larger. However, during this 
period, values of χ and S300 are still consistent with the 
conditions of a high-value period (Figure 6), indicating that 
the intensity of magnetism in the samples is strong. Obvi-
ously, this is different from the low values of χARM/χ and 
χARM/SIRM that result in the low values of χ and S300 dur-
ing the middle of the MWP (AD 980–1050). This difference 




Figure 6  Main magnetic parameters of GH09B1 core samples as a function of depth. The radiocarbon dates are marked beside the depth. The shaded areas 
represent the extrapolated data ranges of periods with high-value χ and S300. 
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were sourced by air pollution from the city of Ningwu near 
Gonghai Lake since AD 1850. 
4  Discussion  
4.1  Origin of magnetic minerals and their paleoclimatic 
significance 
Magnetic minerals in lacustrine sediments can originate 
from detrital or authigenic sources [6]. In Gonghai Lake, 
magnetic assemblage in the sediments is dominated by SSD 
or PSD magnetite, either of which could come from a detri-
tal or authigenic origin. The ratios of χARM/χ, χARM/χFD and 
ARM/SIRM reflect the grain sizes of the magnetic minerals. 
The mean value of χARM/χ is 6.69 (maximum value does not 
surpass 25, Figure 6), the average value of χARM/χFD is 65.14, 
and the range of ARM/SIRM is between 0.016 and 0.058. 
The values of these ratios in magnetic parameters are all 
quite low, belonging to the range of values of detrital origin 
[65,66]. The magnetite in Gonghai Lake sediments primari-
ly represents detrital input rather than authigenic/biogenesis 
produced magnetite in situ after deposition. The detrital 
input of magnetic minerals may originate either from atmos-
pheric dust or as lake drainage from ground surface runoff.  
Except in the section above 0.14 m in the core, the 
changes in χ and S300 have a positive correlation with those 
of χARM/χ and χARM/SIRM, indicating that the sediments 
with higher magnetic mineral concentration are character-
ized by smaller magnetic grain sizes (i.e. the higher the χ, 
the finer the magnetic grain size, Figure 6). This is usually 
relevant with the pedogenic processes. The detailed mineral 
magnetic measurements on the bedrock and the soil from 
the drainage area of Gonghai Lake were also conducted. In 
the bedrock samples, the average value of χ is only 9.12 
(108 m3/kg) and the highest value is 13.2 (108 m3/kg). 
The values of S300 are also very low (between 58.5% and 
73.9%). The features of the thermomagnetic curves (Figure 
2(c)) are evidently different from those in the core samples 
(Figure 2(a),(b)), indicating that the dominant magnetic 
mineral is hematite. The average value of χ of the soil sam-
ples is 28.9 (108 m3/kg) and the lowest value is higher 
than 22 (108 m3/kg). The average value of S300 is 85.2% 
and all the values are higher than 80%. The features of the 
thermomagnetic curves (Figure 2(d)) are similar to those in 
the core samples (Figure 2(a), (b)), indicating that the dom-
inant magnetic mineral is in this case is magnetite. The 
dominant magnetic carriers in the atmospheric dust are fer-
romagnetic minerals with the main magnetic grain sizes of a 
PSD [60,67]. Therefore, the magnetite in GH09B1 core 
samples was all formed in the process of pedogenesis 
around the lake drainage area from the ground surface, ra-
ther than in the process of the atmospheric dust accumula-
tion. The magnetic characteristics of core GH09B1 and the 
soil in the lake drainage area are the same (e.g. the charac-
teristics of the thermomagnetic curves), which further sug-
gests that the effect of diagenesis on magnetic minerals in 
lacustrine sediments is limited. As a result, the concentra-
tion of magnetite in Gonghai Lake can reflect the degree of 
pedogenesis in the lake catchment. 
In the Chinese Loess Plateau, abundant fine magnetic 
grains have been formed by pedogenic processes [68]. The 
changes in magnetic susceptibility in modern surface soils 
have a positive correlation with changes in precipitation 
[69]. The χ and other environmental magnetic parameters 
were successfully used as indicators of the strength of Asian 
summer monsoon [5], and successfully enabled the recon-
struction of the evolutionary history of the Quaternary 
monsoon [30] and rapid changes in monsoon climate [70] 
during the last glaciation in East Asia. Gonghai Lake is lo-
cated on the margin of the Chinese Loess Plateau. The lake 
drainage area is covered by variable thicknesses of loess. 
The magnetic minerals of the core originate from the lake 
drainage on the ground surface by soil erosion. The changes 
in magnetic parameters could record the degree of pedo-
genesis in soil, and thereby constrain the evolutionary his-
tory of the monsoon. When the degree of pedogenesis is 
higher, the magnetic grain sizes produced in the process of 
pedogenesis would be finer and the concentration of mag-
netic minerals in soil will be also higher. Greater concentra-
tions of magnetic minerals flowing into Gonghai Lake via 
surface runoff lead to high values of χ and S300.  
To verify this model, some samples from the core were 
selected for a pollen analysis (Figure 7(g)). The modern 
vegetation in the Gonghai Lake catchment area includes 
grasslands and shrubs. A mixed coniferous and broad- 
leaved forest is located below the planation surface on 
which Gonghai Lake is located. The content of the tree pol-
len at this area could reflect the amount of precipitation in 
this region. In the semi-drought/semi-humid areas of China, 
when the content of the tree pollen is lower than 50%, the 
Artemisia to Chenopodiaceae (A/C) ratio in the pollen 
spectrum is also a good indicator of the effective moisture 
[71–74]. In the pollen spectrum of core GH09B1, the high-
est content of the tree pollen, up to 47.2%, is at a depth of 
1.97 m with the concentration of broad-leaved tree pollen 
almost as high as the concentration of coniferous tree pollen, 
indicating that the mixed broad-leaved and coniferous forest 
developed during the period. The lowest concentration of 
tree pollens is at a depth of 1.05 m where its content is low-
er than 7%; even lower than the concentration of tree pollen 
in the lake-surface sample. The high content of tree pollen 
of the samples correlates very well with the high values of χ 
and S300 in the samples. The changes in the A/C ratio in the 
pollen spectrum are consistent with those of the content of 
tree pollen (Figure 7(g)), which suggests that during the 
high values of χ and S300 period, the climate is dominated 
by high precipitation and a strong Asian monsoon. As a 
result, in core GH09B1, χ and S300 can be used as sensitive 
indicators of the Asian summer monsoon, where higher values 
of χ and S300 indicate stronger Asian summer monsoons. 
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Figure 7  Variations in χ (f) and S300 (e) with time over the last millen-
nium, and their comparisons with modeled Asian monsoon strength in 
North China (d) [43], speleothem oxygen isotope time series from 
Wangxiang Cave (c) [35], dry-Wet index record inferred from historical 
documentation in North China (b) [40] and temperature anomalies in the 
Northern Hemisphere (a) [14]. The solid histogram and hollow histogram 
respectively represent the content of tree pollen and A/C (g). The shaded 
areas represent the MWP and the Current Warm Periods. 
4.2  Strong summer monsoons during the MWP and 
regional comparisons 
The base of core GH09B1 is dated at AD 840. Above this, 
the χ and S300 can be divided into two high-value periods 
and two low-value periods (Figure 7(f),(e)). The two 
high-value periods lasted from AD 910 to 1220 and from 
AD 1850 to the present, which correspond to the MWP and 
the Current Warm Period (i.e. the 20th-century warm peri-
od), respectively [14] (Figure 7(a)). The two low-value pe-
riods lasted from AD 840 to 910 and from AD 1220 to 1850, 
with the latter corresponding to the LIA [14] (Figure 7(a)). 
Evidently, the most distinct climate fluctuations during the 
last millennium in Northern Hemisphere have been well 
documented in sediments from Gonghai Lake. Concerning 
the changes in χ and S300, the generally high values from 
AD 910 to 1220 suggest that the degree of pedogenesis was 
remarkable and that precipitation was high in that time, in-
dicating a strong Asian summer monsoon during the MWP. 
According to the result of low-resolution pollen analysis 
(Figure 7(g)), the content of tree pollen was high during 
MWP as well, suggesting forest vegetation around the lake 
basin. Also the pollen A/C ratio indicates that the regional 
moisture was highest during the MWP, supporting a more 
optimal climate than that in the Current Warm Period. 
Compared with conditions in the MWP, the content of tree 
pollen was lower than 10% during the LIA, and the pollen 
A/C ratio was also low, which together suggests that the 
Asian monsoon was weak and the climate was dry during 
that period. 
The high (3–6 years) resolution of the sedimentary mag-
netic record from Gonghai Lake during the MWP provides 
us an opportunity to discuss the climate variability on deca-
dal-to-centennial scales. Although the summer monsoon 
was generally strong in the MWP, secondary oscillations 
were superimposed on it, of which the most pronounced one 
lasted from AD 980 to 1850. During that period, the values 
of χ and S300 were relatively low, indicating that the degree 
of pedogenesis and amount of precipitation were also rela-
tively low around the lake basin. It is thus indicated that the 
MWP was not a period of constantly strong summer mon-
soons, as there was a centennial-scale interval that features 
relatively weak summer monsoon. 
Figure 7 shows comparisons of the magnetic proxy rec-
ords with the dry-wet proxy series of North China recon-
structed from historical documentation [40] (Figure 7(b)), 
and the oxygen isotope record of speleothems from 
Wangxiang Cave [35] (Figure 7(c)) which is also located on 
the northwestern margin of the modern Asian summer 
monsoon. On a multi-centennial time scale, the proxy data 
from these three locations show a consistent climate pattern 
over the last millennium. In particular, the strong Asian 
monsoon during the MWP is indicated by high values of χ 
and S300 in Gonghai Lake sediments, more flood events in 
North China, and the light oxygen isotopes recorded in spe-
leothems of Wanxiang Cave, all of which resulted from 
high monsoon precipitation. Situations were roughly oppo-
site during the LIA. On decadal to centennial time scales, 
the secondary weakening of the summer monsoon during 
the 11th century against the overall strong summer monsoon 
period during the MWP, which is revealed by the magnetic 
record of Gonghai Lake sediments, is also evident in the 
high-resolution series of oxygen isotopes for the speleo-
thems of Wangxiang Cave. In addition, this short-term 
drought is reflected in the dry-wet proxy reconstruction for 
North China as well. Therefore, changes in the magnetic 
parameters of Gonghai Lake sediments sensitively docu-
mented the variability of the Asian summer monsoon on the 
submillennial scale and even shorter time scales. Further-
more, the evolution of the Asian summer monsoon during 
the last millennium, as indicated by the environmental 
magnetic pxoxies from Gonghai Lake and oxygen isotopes 
from Wangxiang Cave speleothems, is supported by the 
modeling of monsoon rainfall [43] (Figure 7(d)). 
The variations in intensity of the summer monsoon (pre-
cipitation), which are reconstructed from Gonghai Lake, 
obviously differ from moisture variability in Central Asia, 
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which is dominated by westerlies [29] during the last mil-
lennium. This supports the proposal that a “westerly-  
dominated climate model” for arid Central Asia is distinct 
from precipitation (moisture) evolution in monsoonal Asia 
over the various time scales during the modern interglacial 
period [46,75]. Note that the generally strong Asian mon-
soon during the MWP, reconstructed from the observed 
limits of the monsoon, shows major differences from the 
monsoon strength reconstructed using cave deposits 
[38,76,77] and lacustrine sediments [78] from South China, 
and also differs from the dry-wet index series based on his-
torical documentation in South China [40,41]. To trace the 
reason for this, consider that the chronological uncertainties 
are unlikely to have exerted effects upon recorded patterns 
of climate change on a multi-centennial time scale. There-
fore, the above-mentioned differences between precipitation 
(moisture) records may be the result of different regional 
responses to the same climate event in monsoon-dominated 
Eastern China. For example, on the decadal time scale, in-
strumental data demonstrate that precipitation in North 
China decreased over the last 50 years, while it increased in 
Southern China [79]. In fact, based on integrated research, 
we found that on the multi-centennial time scale during the 
last millennium, climatic changes in mid-latitude mon-
soon-dominated China differed from those in wester-
ly-dominated China and moisture variation over monsoonal 
China has shown clear spatial variability. Such spatial pat-
terns and possible mechanisms will be investigated in the 
future. Gonghai Lake, located at the margin of the Asian 
summer monsoon, occupies an ideal position to sensitively 
record variations in the strength of the monsoon. Changes in 
the magnetic parameters in its sediments could reflect the 
evolution of Asian monsoon intensity, which is generally 
consistent with proxy records derived from surrounding 
regions and is also supported by models. These advantages, 
together with relatively high resolution, show the value of 
paleolimnological records from Gonghai Lake for exploring 
the past variability of the Asian monsoon. 
Note that due to relatively few age control points (four in 
the past 1000 years), comparisons of decadal-scale climatic 
events between sites are restricted. Besides the chronologi-
cal enhancement, future research efforts should include de-
tailed investigations of modern processes and multi-proxy 
studies. These will help improve explanations of the paleo-
climatic significance of magnetic parameters and achieve a 
complete and profound understanding of paleoenvironment 
and paleoclimate variations during the last millennium. 
5  Conclusions 
Our investigation of environmental magnetism in Gonghai 
Lake sediments demonstrates that the main magnetic min-
erals in the sediments are magnetite and mainly originate 
from pedogenic processes in the lake drainage basin. The 
post depositional effects on the magnetic properties of de-
trital minerals are rather weak. The grain sizes of the main 
magnetic minerals mostly fall into the SSD category. In 
general, sediments with relatively high magnetite concen-
trations are characterized by relatively fine magnetic grain 
sizes, whereas sediments with relatively low magnetite 
concentrations are characterized by relatively coarse mag-
netic grain sizes. This relationship is mainly attributed to 
environmental conditions in the lake drainage basin, and 
mainly reflects the degree of pedogenic process and the 
amount of precipitation around the drainage basin, corre-
sponding to variations in the strength of Asian summer 
monsoon. 
Based on an understanding of paleoclimatic significance 
of magnetic parameters, the evolution of the Asian summer 
monsoon over the last 1200 years was reconstructed using χ 
and S300 as proxies from Gonghai Lake, Shanxi, North 
China. The results show that an obviously wet period (AD 
910–1220) occurred in this region, suggesting that the 
summer monsoon was strong and forests were well devel-
oped around the lake drainage basin during the MWP. This 
forms a striking contrast to the generally dry climate that 
occurred during the MWP in the mid-latitude westerly- 
dominated part of Asia. In addition, against the context of a 
generally strong summer monsoon, a relatively weak mon-
soon interval (AD 980–1050) occurred within the MWP in 
the study area. 
The major characteristics of climate change over the last 
millennium revealed by magnetic proxies in Gonghai Lake 
sediments are supported by other proxy records derived 
from monsoon region and models. These paleo-monsoon 
reconstructions are comparable, even on decadal-to-centen- 
nial time scales, demonstrating the ability of magnetic pa-
rameters to identify sensitive regional environment changes. 
The high resolution of these data combined with additional 
timing constraints mean that records of magnetic proxies 
from Gonghai Lake are expected to be valuable for the 
thorough characterization of the evolution of the Asian 
summer monsoon. 
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